The prediction of wave-induced loads on Remotely Operated Vehicles (ROVs) during deployment through the splash zone is an important requirement to the design of a launch and recovery system. This paper presents the results of numerical and experimental hydrodynamic analysis of the motion response and wave-induced loads on a subsea trencher ROV during its deployment through the splash zone. The main focus of the study is to determine the maximum wave-induced loads and also to establish the maximum range of sea conditions in which the ROV can be operated safely. The numerical measurement of the hydrodynamic responses is completed using a 3D potential theory-based solver. The results obtained are compared with the predicted experimental responses measured using a 1/12 scale model of the ROV in a wave tank. A further comparison of the numerical responses with a box-shaped model of approximately similar overall dimensions to the ROV is performed in order to establish the validity of using a simplified shape to represent the actual ROV in various modelling scenarios. The result of this comparison shows that using a box-shaped model grossly over-predicts the responses and can lead to overly conservative load prediction.
INTRODUCTION
The deployment of large scale Remotely Operated Vehicles (ROVs) is important technology for the offshore industry. They are typically used as ploughs or trenchers in the installation of subsea pipelines. Deep sea mining is another growth area utilising ROVs. Due to its large volumetric size and mass, these types of ROVs are at risk of causing damage on their deployment cable (tether or umbilical) as well as adding stresses that can result in damaging the Launch and Recovery System (LARS) and the vessel deck structure. The cause of this problem has been largely attributed to a lack of clear understanding and adequate data on the hydrodynamic behavior of the ROV as it passes through the water surface during its launch and recovery. The hydrodynamic characteristics of these vehicles usually change very rapidly during deployment from a state at which it is considered as just being a lump mass to when the vehicle is being considered as a buoyant floating body. These characteristics are specific to individual vehicles due to difference in their geometry and size, hence the difference in their motion and load responses.
During subsea operations of an ROV, deployment and recovery within the wave-affected zone is a critical procedure because the ROV experiences its highest wave-induced forces during the launch and recovery procedure. These forces are of concern to the operators as it may result in the occurrence of "slack" in the umbilical, hence making the tensile forces in the umbilical to dictate the operating limit of the ROV.
The approach currently being applied within the offshore industry relies on the use of Orcaflex, a nonlinear time domain program that has been developed by Orcina Ltd (Orcina, 2014a) . The program offers a graphical user interface that allows for modelling of the ROV as a buoy and uses a total mass on the buoy instead of applying mass to individual elements. The prediction of motion and load responses is performed on the basis of the Morison's equation and on cross flow assumptions (Orcina, 2014b) . One of the challenges of using the results from this program for analysis of a body such as a ROV is the accurate modelling of the body geometry. This has the tendency of causing a misrepresentation of the actual results of the analysis and it could have undesirable consequences on the design of ROV launch and recovery handling system. Literatures relating to the prediction of loads and motions response are generally very scarce. The method recommended by DNV Recommended Practice for marine operations (DNV, 2009 ) is based on the use of a simplified approach in the estimation of hydrodynamic loads. The approach is intended to predict conservative loads acting on any bodies being deployed in water. This approach holds good for structures such as a lumped mass but they are clearly not ideal for ROVs and other classes of subsea structures. A study of a lifting analysis of a subsea structure based on DNV's approach, whose concept is basically similar to that of ROV, was carried out by Sarkar and Gudmestad (2010) . The authors used a foundation template and manifold structures as their models and concluded that the method is valid in the estimation of preliminary loads.
A study on this subject by Sayer (2008) using a "Workclass" ROV found that a combination of simple linear method along with coefficients obtained from Morison's equation can produce reasonable estimates of loads on ROV in certain wave condition. The study was carried out using three sizeable models that include a box-shape and the theoretical results were compared with some experimental results. Although his study showed agreement between the numerical and theoretical results, it was indicated in the paper that the study was meant to offer an estimate of the loadings on the ROV. This study focuses on the prediction of actual motion and loads acting on a trenching ROV. A comparison is made to a boxshape model, so as to investigate the use of the box-shape in the prediction of these loads using Orcaflex. One of the limitations of the potential flow code with respect to its application in this study is that viscous effects of the fluid and other nonlinear characteristics of the model are ignored. Hence the comparison between the experimental and numerical responses in this paper is intended to highlight the simplified behavior of the model for the purpose of preliminary design of the ROV LARS
THEORETICAL BACKGROUND
The theory governing the prediction of the hydrodynamic loads and motions response of an ROV using potential flow theorybased solvers is based on the dynamic principles of a free floating submerged body. The linear potential theory can be applied to obtain the ROV responses in a given wave condition. The basic assumptions on the physical properties sea environment are that the body is assumed to be a rigid body and it is completely free to oscillate in all the six degrees of freedom in an ideal, inviscid, incompressible and irrotational fluid.
The ROV in submerged condition achieves its state of dynamic equilibrium when the excitation force (total loads due to the wave forces) is balanced by combinations of the inertial mass, the damping force and the stiffness forces. Since the vessel is assumed to be rigid, the hydrodynamic response characteristics can be used to express as coupled equation of linear motion as follows:
Where  jk is the generalized mass matrix,  jk is the added mass while  jk the damping and C jk is the restoring (stiffness) coefficient. ̈,̇ and are the vessel's acceleration, velocity and displacement respectively. is the total excitation forces on the vessel, which is given as follows:
Where f j is the hydrodynamic components of the excitation force and ℎ hydrostatic is the force. The orientation and the mode of forces, moments or the wave motions are represented by j and k and respectively.
The total hydrodynamic force acting on the ROV in a given orientation is therefore calculated using equation 5 below.
= ∬
For j = 1, 2… 6 where j = six degree of freedom motions i.e surge, sway, heave, roll, pitch and yaw S is the mean wetted surface of the hull, and n j is the generalized normal vector to the body of the vessel given as:
Where is a position vector at a given point on the mean surface of the vessel's wetted body. ⃗⃗ is the position vector at a given point from the center of gravity of the vessel.
EXPERIMENTAL WORK
A simplified scaled model of SMD's Q-trencher ROV has been used in this study. The size of the model is 1/12 of a typical full scale Q-trencher ROV. The model comprises a buoyancy tank module; vehicle's representative core assembly; chassis (frame) and track assemblies. The buoyancy module was made of GRP material while the chassis and core assembly were made of marine grade aluminum. Table 1 presents the particulars of the model and that of its prototype ROV. The ROV model was positioned at the center of the wave tank using sets of low-stiffness springs connected to wire ropes that were acting as moorings in the horizontal plane. The mooring system was meant to prevent excessive movement of the model from the desired test position. As for the vertical station keeping, a set 3x3 springs of known load capacity, extension and stiffness were used to connect the tether that was attached to the model and the loadcell. The spring set was intended to allow the model to freely attain its required movement in the vertical degree of freedom without necessarily affecting the accuracy of the predicted motions response.
This paper considers the model's motion and load responses measured in head and following seas only. Further tests with oblique incident waves have also been completed but are not reported here. Tests were carried out in a 37m long, 3.7m wide and 1.25m deep (water depth) wave tank at Newcastle University, UK. Schematic diagrams showing the arrangement of the QTMS in relation to the model in the wave tank and also a picture of model fitted with the optical tracking markers are presented in Figures 1 and 2 respectively.
Measurements of motions response and vertical loads induced by the actions of waves on the model in deployment-mode of the Launch and Recovery System (LARS) have been carried out simultaneously by using a combination of Qualysis Motion Tracking System (QMTS) (Qualisys, 2010 ) and a loadcell. The six degrees-of-freedom (6-DOF) motions response was measured by using the QMTS, which comprises translational (Surge, Sway, Heave) and rotational (Roll, Pitch and Yaw) responses of the model. The loadcell records the wave-induced tensile load in the umbilical for a given position of the model.
The QMTS (Qualisys, 2010) , comprises two sets of high speed motion sensors, a monitoring device and four tracker balls (markers) which are placed on the model by a specially constructed plate whose centre of gravity (CoG) intersects the transverse and longitudinal CoGs of the model. The QTMS calculates the motion of the model based on the relative movement of the markers and transfers the results of the 6 DOF motion in real-time with near zero measurement delay time through the connecting terminals. Waves are generated by a piston displacement paddle-type wave maker located at the rear end of the tank. Waves are absorbed by a wedge-type beach which is located at the opposite end of the tank. The surface elevation of the generated incident waves (wave amplitudes) were measured using two Churchill resistance wave probes and the results were recorded through a LabVIEW program. The wave probes were positioned in the direction of the wave. One of them was placed at approximately 5m away from the wave makers and the other at about 2m before the model. Visual Display Unit was used in monitoring the generated wave height and the motion response of the model. As part of the overall model set-up, the model was ballasted based on the global mass distribution of a typical full scale Qtrencher ROV and details of these masses are presented in Table 2 . The experiments have been performed for the various submerged water depth of the model as presented in Table 3 . Details of the tests matrix containing the generated incident wave amplitudes and the corresponding in frequencies range in which the experiments were performed are given in Table 4 . 
of Submerge depths
In addition to the tests highlighted in Table 4 , a set of 3 decay tests for the purpose of determining the damping force and the model's natural frequencies for heave, pitch and roll were performed. 
NUMERICAL MODELLING
The prediction of hydrodynamic responses of the ROV has been performed using HydroD which is a commercial code developed by DNV (DNV, 2014). The code has been developed on the basis of potential flow theory using the 3D panel method that makes use of zero speed Green function with a forward speed correction in the frequency domain. The 3D panel method is implemented by using quadrilateral panels with a constant source strength applied to each panel. The wave free surface and hull boundary conditions have been linearised to the calm water condition and mean position of the model. (Orcina, 2014a) , which is frequently being used in the installation analysis of subsea modules and small-scale ROVs. A mesh sensitivity analysis was carried out on both of the models in order to determine optimum mesh size for hydrodynamic response prediction. The hydrodynamic panel elements were created in GeniE as part of model preparation. Each of the models consists of approximately 2080 panel elements (Figure 4 and 5), which represents the total wetted surface over which the hydrodynamic pressure induced is calculated.
Figure 4: Mesh model of the trencher ROV
The models were ballasted to a full scale total mass of 42.3 tonnes (fully submerged condition), representing the actual loads on the Trencher ROV. Details of these masses are presented in Table 2 . 
RESULTS AND DISCUSSION
The results of the predicted motion and load responses due to the action of waves on the model in regular seas are reported herein. Analyses of experimental motions and load response data have been performed by using the Root-Mean-Square (RMS) method which involved converting the model data that has been obtained in time domain to frequency domain. The final output of these results is the presentation of the response amplitude operator (RAO) for each set of data in a given test condition. From the results of the free decay model tests using the ROV model, the natural frequencies of the ROV have been calculated. The results of these are presented in Table 5 . Using the natural period results, the damping force was calculated using the equations below:
DAMPING FORCE AND NATURAL FREQUENCY
Where:
is the logarithmic decrement of amplitude of oscillation C is the restoring coefficient (kN/m) M is the mass of the model (kg) A is the added mass which is calculated as:
Tn is the natural period of the model (s)
The damping force calculated from the experiments has been included as damping values in the numerical predictions for the ROV model. This was done after extracting the potential damping values that have been obtained from the numerical code. The difference between these values is the added damping required for the analysis, indicating that other model properties due to viscous effects are accounted for in the results of the experimental decay test. The sensitivities of the numerical model to the damping parameters are continuing to be investigated by the research team. The sensitivities of the numerical model to damping parameters are continuing to be investigated by the research team.
Heave Motion Response
In this section, the results of the heave motion response in various submerged water depths that have been obtained from the experimental studies using the scaled model of the Qtrencher ROV are presented. Results are compared with those obtained from the numerical predictions of both the ROV and the Box-shape models. The plots of these comparisons are presented in Figure 6 (2.6m submerged depth), Figure 7 The plots of responses in 2.6m submerged condition ( Figure 6 ) show a good agreement between the trends of experimental and numerical results of the ROV model, albeit the peak magnitude of the numerical response are higher at frequency 1.3rad/s in comparison to the plots of experimental RAOs. This trend agreement continues in the plots for 4.06m (Figure 7) , and 5.25m (Figure 8 ) submerged depths. Both of these response plots contained some peak magnitude of response within a frequency range of 1.3rad/s to 1.45rad/s. In the RAO plots for the box-shape ROV, the local peaks occur within a frequency range of 1.8rad/s to 2.4rad/s for all the submerged depth conditions. The peak responses disappear in the fully submerged depth (Figure 9) conditions. Although the natural frequency of the ROV model in 2.60m and fully submerged conditions were not predicted, the frequencies at which the local peaks occur in Figure 6 appears to be consistent with the heave natural frequency of the ROV model based on the results of decay tests for other submerged conditions (Table 3) .
The peak magnitudes of responses for the four submerged conditions have recorded within the local peak regions. This suggests that, barring the effects of natural frequency on the plots, the peak magnitude for both the experimental and numerical RAOs for 2.60m and 4.06m submerged depth occurs below a maximum RAO value of 1.0m/m. However, changes in frequencies at which the local peaks were recorded as the submergence depth increases was observed.
In the RAO plots for 5.25m submerged depth condition (Figure  8) , the trend and magnitude of the RAOs for both the experimental and numerical ROV model are similar in spite of the local peaks that appeared on the numerical plot within a frequency range of 1.7rad/s to 3.5rad/s. The irregularities occurring in the ROV are probably due to the free surface intersecting with the flat top of the buoyancy module of the ROV and it is being further discussed. The trend of the plots for the ROV model is also in agreement with that of the box-shape model although the box-shape model contained lower magnitudes and a local peak at frequency of 1.8 rad/s in comparison to the ROV model.
The plots for the experimental and numerical ROV model in fully submerged condition (Figure 8) , present a slightly different scenario in terms of agreement between their trends and magnitudes. The magnitude of the experimental results at lower frequency appears to be somewhat higher than those for the numerical ROV and box-shape models. The reason for this difference may be due to the model set-up in the experimental condition in which the QTMS was extended above the waterline in order to facilitate the measurement of the model motion responses. However, as the response frequencies increase, the agreement between the three results appears to improve. In the case of the numerical response, the trends of the Box-model response is similar to the experimental response, with the Box-shaped model having slightly higher magnitudes within lower frequency range of 0.5 rad/s to 1.8rad/s. 
Pitch Motion Response
The results of the pitch motion response for the four submerged depth conditions that have been obtained from the model tests using the ROV model along with the numerically predicted responses from the ROV and Box-shape models are presented in Figure 10 (2.6m submerged depth), Figure 11 (4.06m submerged depth), Figure 12 (5.25m submerged depth), and Figure 13 , in Head/Following Seas.
The trends of the responses of the experimental and numerical prediction for the ROV as well as for the Box-shaped models in 2.6m submerged condition (Figure 10 ) are somewhat similar but with different magnitudes of response. The difference could be attributed to the fact that the ROV model was partially submerged below its centre of gravity leading to its not being quite stable in the test condition. The ROV model has higher pitch RAO magnitude (Figure 10 ) in comparison to the Boxshaped model despite the latter not being damped. This demonstrates how the body geometry contributes to the stability of the vehicle in shallow submerged depth condition. In addition, the numerical response from the ROV model contained a local peak of magnitude within the range of the natural frequency of the model in this submerged water depth (Table 5) .
Again, the trend of the experimental and numerical responses plots for the ROV models in 4.06m (Figure 11 ) submerged depths are similar but their magnitude is not. The numerical study tends to over-predict the pitch response for the ROV model which, in parts, could be attributed to the contribution of the umbilical tethering of the ROV model being ignored in the numerical prediction. The responses of the Box-shaped model ( Figure 11 ) have lower magnitude and with a completely different trend from those of the ROV model which requires further investigation.
The trends of the pitch RAO plots for 5.25m submerged depth condition (Figure 12 ), for both the experimental and numerical ROV models are similar. Some random local peaks having lower magnitudes in the numerical response for the ROV model (similar to those reported in the heave response plots) have been observed within the region of higher frequency (2.0rad/s to 3.7rad/s). A possible explanation to the occurrence of these local peaks, as discussed in Section 5.2, is that the numerical code is incapable of measuring the responses within the free surface zone due to high degree in instability. The trend of the plots for the Box-shaped model appears to be different from that of the ROV model. The difference also extends to their magnitudes, in which the Box-shaped model was having lower responses.
In the fully submerged condition (Figure 13 ), the trend of the plots for the pitch RAO in experimental test is significantly different from those obtained from the numerical prediction of both the ROV and Box-shaped models. The experimental response results present a higher magnitude of RAO compared to the numerical responses for both the ROV and Box-shaped models ( Figure 12 ). However, the responses for the ROV and Bo-shaped model had a better agreement in terms of their magnitudes except for the variation in the lower frequency range of 0.5rad/s to 1.5rad/s. Again, the reason for the higher magnitude of RAO from the experimental results could be attributed to the model set-up as explained in Section 5.2 above as well as the contribution of body geometry to damping of the model. 
Vertical Force Response
This section presents the results of the predicted vertical force, representing the axial force in the LARS umbilical for the models in four submerged depth conditions for both the experimental and numerical prediction using the ROV and Boxshaped models in regular wave condition in Head/Following Seas.
The plots of the responses for the ROV model show a strong agreement in terms of their trends and magnitudes for the experimental and numerical predicted response in 2.6m submerged condition (Figure 14) . The box-shaped model offers a much higher magnitude of force response compared to the ROV model. The behaviour and trend of the responses for the two models in 4.06m ( Figure 15 ) submerged depth are similar to those observed in 2.60m submerged depth.
The response for the vertical force plots in 5.25m submerged depth condition (Figure 16 ), for numerical ROV model contains some random kinks which are similar to those that have been observed in both heave and pitch plots (Section 5.2 and 5.3). This condition requires further investigation in order to properly establish the actual reason for behaviour.
The behaviour of the ROV model in the fully submerged condition (Figure 17) shows that the trends and magnitudes of the plots for the experimental and numerically predicted vertical force are reasonably similar. However, the responses for the Box-shaped model are significantly higher and having a different trend, as well.
It is important to note that the potential flow code treats the models as "Fixed Body" in the prediction of the forces on the model, hence the similarity albeit with slight variation in their respective frequencies of the responses. This situation requires careful investigation since passing through this depth is expected to be one of the critical regions during launch and recovery of an ROV. The comparison is made to show whether the use of a simple shape which would be commonly found in software based on dynamic principles such as Orcaflex, is adequate for representing ROV responses. This could provide a simplified guide during the preliminary design stage of ROV handling system. Fas33The prediction consists of both experiments in the wave tank and numerical study using a potential flow code in frequency domain. The predicted data for heave and pitch motion response in addition to the vertical loads in head/following seas have been presented in this paper. The following conclusions can be summarized:
1. In most of the comparisons that have been carried out using the ROV model, a reasonably good agreement in terms of the trends of the respective response plots was found between the results of the experimentally predicted motions and waveinduced loads responses and those that have been predicted using the numerical code. The agreement between the respective responses was particularly good in the vertical load measurement in 2.6m, 4.06m and fully submerged depth test conditions.
2. Numerical prediction of motions response using the boxshape model shows considerably different magnitudes of RAO in comparison to the ROV model. This condition confirms that the volumetric size of the box-shape model is contributing significantly in its damping behavior which results in lower motion response.
3. The Box-shape model of the ROV tends to over-predict the load response in comparison to a regular ROV model in the same condition. The difference in response could easily lead to a reduced operational limit of the ROV and it could also have a significant impact on the overall cost of the ROV launch and recovery handling system. 4. Overall, it has been shown that the selected numerical code (Sesam HydroD) is capable of adequately predicting the responses of an ROV in waves at any given time instance. However, for this study, there appears to be some irregular behavior in the responses (motions and loads) of the ROV at a submerged depth of 5.25m which needs to be further investigated.
5. One of the limitations of the use of this selected numerical tool is in the way forces are predicted. The code essentially treats any geometry as "Fixed Body", hence it might be ignoring the contribution of other forces on the models.
Further work investigating the operational limits and the behavior of ROV in dynamic conditions is currently being undertaken by the authors.
